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ROMKTRPV5 and TRPV6 channels are expressed in distal renal tubules and play important roles in the transcellular
Ca2+ reabsorption in kidney. They are regulated by multiple intracellular factors including protein kinases A
and C, membrane phospholipid PIP2, protons, and divalent ions Ca2+ and Mg2+. Here, we report that ﬂuid
ﬂow that generates shear force within the physiological range of distal tubular ﬂuid ﬂow activated TRPV5 and
TRPV6 channels expressed in HEK cells. Flow-induced activation of channel activity was reversible and did not
desensitize over 2 min. Fluid ﬂow stimulated TRPV5 and 6-mediated Ca2+ entry and increased intracellular
Ca2+ concentration. N-glycosylation-deﬁcient TRPV5 channel was relatively insensitive to ﬂuid ﬂow. In cells
coexpressing TRPV5 (or TRPV6) and Slo1-encoded maxi-K channels, ﬂuid ﬂow induced membrane hyperpolari-
zation, which could be prevented by the maxi-K blocker iberiotoxin or TRPV5 and 6 blocker La3+. In contrast,
ﬂuid ﬂow did not cause membrane hyperpolarization in cells coexpressing ROMK1 and TRPV5 or 6 channel.
These results reveal a new mechanism for the regulation of TRPV5 and TRPV6 channels. Activation of TRPV5
and TRPV6 by ﬂuid ﬂow may play a role in the regulation of ﬂow-stimulated K+ secretion via maxi-K channels
in distal renal tubules and in the mechanism of pathogenesis of thiazide-induced hypocalciuria.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Mechanosensation is an important mechanism for cell communica-
tion with the external environment. Mechanosensitive ion channels
play important roles in these processes by transducingmechanical inputs
into electrical signals [1,2]. Members of the transient receptor potential
(TRP) channel superfamily have been implicated in a wide range of
mechanotransduction in diverse organs and species [1]. Mammalian
TRP channels are grouped into six subfamilies based on amino acid
sequence homology and biophysical and pharmacological properties:
TRPC (canonical or classic), TRPV (vanilloid), TRPM (melastatin),
TRPML (mucolipin), TRPA (ankyrin) and TRPP (polycystin) [3]. Within
the TRPV subfamily, there are six mammalian members, TRPV1–6.
Among them, TRPV1 through 4 are known to be regulated by physical
factors such as hypotonicity, stretch and/or temperature [4,5]. Pertinent
to this study, TRPV4 is activated by shear stress generated by ﬂuid ﬂow
and its function as a renal tubular ﬂuid ﬂow sensor has been demon-
strated [6–9]. TRPV5 and 6 are homologous proteins with ~70% aminology, Yonsei University Wonju
outh Korea. Tel.: +82 33 741
edical Center, Department of
5390-8856, USA. Tel.: +1 214
ights reserved.acid sequence homology and present in many epithelial tissues in-
cluding the kidney [10]. Compared to other TRPV subfamily members,
TRPV5 and 6 are highly Ca2+-selective with the relative Ca2+ to Na+
permeability ~100 [11]. TRPV5 and 6 channels are regulated by diverse
mechanisms including Ca2+, Mg2+, proton, PIP2 and protein kinases
[12]. Mechanosensitivity for TRPV5 and 6 and their regulation by ﬂuid
ﬂow and shear stress have not been described.
Normally, the kidney is the principal organ in the body for excreting
dietary K+ load. Renal K+ excretion occurs predominantly by secretion
in the distal renal tubular segments including late distal convoluted
tubule (DCT2), connecting tubule (CNT), and cortical collecting duct
(CCD) collectively referred to as the aldosterone-sensitive distal neph-
ron (ASDN) [13]. The ﬁnal step of K+ secretion in ASDN involves efﬂux
into luminal space through the apical K+ channels, which include the
renal outer medullary K+ channel ROMK1 and the Ca2+-activated
maxi-K channels. ROMK is constitutively open at baseline and mainly
responsible for K+ secretion at low luminal ﬂow rate. Maxi-K is quies-
cent at baseline but activated by high ﬂuid ﬂow andmainly responsible
for ﬂow-stimulated K+ secretion [14].
Flow-stimulated Ca2+ inﬂux across the apicalmembrane is requisite
for ﬂow-mediated K+ secretion via maxi-K channel in ASDN. Several
channels including TRPV4 and polycystin-2 (TRPP2) have been pro-
posed as candidates for apical Ca2+ entry channels [7–9,15,16]. In addi-
tion, TRPV4 and TRPP2may form a polymodal sensory channel complex
and both or each channel subunit may be responsible for activation
by ﬂow [7,16]. TRPV5 and 6 are also expressed in apical membrane of
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ron [12]. Here, we report that TRPV5 and TRPV6 are activated by ﬂuid
ﬂow and ﬂow-induced Ca2+ inﬂux through the channels can stimulate
maxi-K channel allowing K+ efﬂux and causingmembrane hyperpolar-
ization. These results suggest that TRPV5 and TRPV6 may participate in
the ﬂow-stimulated K+ secretion in ASDN.
2. Materials and methods
2.1. DNA constructs and materials
GFP-tagged wild-type and N358Q mutant TRPV5, and ROMK1 have
been described previously [17–19]. Complementary DNA for TRPV6 is
in a pEGFP-N3 vector. Slo1 channel was provided by Dr Chul-Seung
Park [20]. Fura2/AMwas obtained fromMolecular Probes® (Invitrogen,
Carlsbad, CA, USA). Gramicidin D and iberiotoxin were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA) and Tocris Bioscience (Bristol,
UK), respectively.
2.2. Cell culture, transfection and western blot
HEK293 cells were cultured as described previously [18]. Cells
were transiently transfected with cDNAs as indicated in each experi-
ment. Transfection was performed using FuGENE-HD reagent (Roche,
Somerville, NJ, USA) according to the manufacturer's instructions. In
each experiment, the total amount of DNA for transfectionwas balanced
by using empty vectors. The expression of TRPV5 and TRPV6 proteins in
transfected cells was detected by western blot using a rabbit polyclonal
anti-GFP antibody as described previously [18].
2.3. Application of ﬂuid ﬂow
Pressurized ﬂows of solutions were applied onto the single cells
through a microbarrel (inner diameter ~250 μm). The tip of barrel
was placed around 100 μm from the cell. Fluid ﬂow was gravity driven
(25–85 μl/min) to generate shear stresses from 0.34 to 1.15 dyn/cm2.
The shear pressure was calculated for ﬂuid ﬂow in cylindrical tubes
according to the equation τ = 6μQ / πr3, where τ is the shear stress
or pressure (dyn/cm2), μ represents the ﬂuid viscosity, Q is the ﬂow
rate (ml/s), and r is the internal radius of the tube [21].
2.4. Patch-clamp recordings
TRPV5 and 6 and ROMK1 currents were recorded using the whole
cell-ruptured conﬁguration of the patch clamp technique as described
previously [18,19]. The patch electrodes were coated with silicone elas-
tomer (Sylgard 184; Dow Corning, Midland, MI, USA), ﬁre polished on a
microforge, and had resistances of 2–3 MΩ when ﬁlled with the solu-
tion described below. An Ag/AgCl pellet connected via a 3 M KCl/agar
bridge was used to ground the bath. The cell membrane capacitance
and series resistance were compensated (N80%) electronically using
an Axopatch-200B ampliﬁer (Axon Instruments, Foster City, CA, USA).
Data acquisition was performed using ClampX9.2 software (Axon
Instruments). Currents were low-pass ﬁltered at 2 kHz using 8-pole
Bessel's ﬁlter in the ampliﬁer, sampled every 0.1 ms with Digidata
1300 interface.
For measuring membrane potential, current-clamp recordings were
performed under the gramicidin-perforated whole cell conﬁguration of
the patch-clamp technique using an EPC-9 ampliﬁer and Pulse/Pulseﬁt
(v8.50) software (HEKA Electronik, Lambrecht, Germany). A stock solu-
tion of gramicidin D was prepared at 50 mg/ml in dimethylsulfoxide
and diluted in the pipette solution to a ﬁnal concentration of 50 μg/ml
before use. All electrophysiological recordings were performed at room
temperature (∼20–24 °C).2.5. Solutions for electrophysiological recordings
For recording of TRPV5 and 6 currents, the pipette and bath solution
contained (in mM) 140 Na-Asp (sodium aspartate), 10 NaCl, 10 EDTA,
and 10 HEPES (pH 7.4) and 140 Na-Asp, 10 NaCl, 1 EDTA, and 10 HEPES
(pH 7.4), respectively. For the recording of ROMK1 current, the pipette
and bath solution contained (in mM) 140 KCl and 10 HEPES (pH 7.2)
and 140 KCl, 1 MgCl2, 1 CaCl2, and 10 HEPES (pH 7.4), respectively.
For current-clamp recordings, patch pipetteswere ﬁlled with a solu-
tion containing (in mM) 140 KCl, 5 EGTA, 10 HEPES, 0.5 CaCl2, and
5 NaCl (pH 7.2). A normal physiological salt solution (PSS) was used
for bath solution that contained 135 NaCl, 5.4 KCl, 1 MgCl2, 2 CaCl2,
5 HEPES, and 10 glucose (pH 7.4).
2.6. Intracellular Ca2+ ([Ca2+]i) measurement
Intracellular Ca2+ concentration ([Ca2+]i) was measured using
Ratiomaster (Photon Technology International, Lawrencevill, NJ, USA)
or the Lambda DG-4 (Sutter Instruments, Novato, CA, USA) ﬂuorescence
measurement system. Cells were placed on glass coverslips and loaded
with fura-2/AM in a normal PSS in darkness for 1 h at room tempera-
ture. After dye loading, cells werewashed and transferred to a perfusion
chamber on a ﬂuorescence microscope. Fura-2 signals were obtained
by alternating excitation at 340 or 380 nm, and detecting emission at
510 nm. The fura-2 ﬂuorescence ratio was calibrated to [Ca2+]i as de-
scribed by Grynkiewicz et al. [22]. Data were analyzed using either Felix
(Photon Technology International) or MetaFluor (Sutter Instruments)
software.
2.7. Data analysis
Data are presented asmean ± SEM. Statistical comparisons between
two groups of data were made using a two-tailed unpaired Student's
t-test. Multiple comparisons were determined using one-way ANOVA
followed by Tukey's multiple comparison tests. Statistical signiﬁcance
wasdeﬁned as p b 0.05 for a single comparison and p b 0.01 formultiple
comparisons.
3. Results
3.1. Fluid ﬂow activates TRPV5 and increases TRPV5-mediated Ca2+ inﬂux
In previous experiments, we observed that TRPV5 currents in-
creased consistently during fast exchanges of bath solution. This obser-
vation prompted us to carry out the present study to examine the effect
of ﬂuid ﬂow on the activity of TRPV5 channels. In the absence of Ca2+,
TRPV5 conducts Na+ [23]. We ﬁrst measured TRPV5 channel activity
using Na+ as the charge carrier. TRPV5-mediated Na+ currents (evoked
by repetitive ascending ramppulses)weremeasured in TRPV5 ormock-
transfected human embryonic kidney (HEK)-293 cells by ruptured
whole-cell patch clamp recordings. Fluid ﬂowwas applied onto the sin-
gle whole cell-patched cell using a micropipette with an inner diameter
of 250 μm placed ~100 μm from the cell. Without ﬂuid ﬂow, large
inwardly rectifying currents characteristic for TRPV5 were detected
in TRPV5-transfected, but not mock-transfected cells (Fig. 1A and B).
Exposure of cells to ﬂuid ﬂow estimated to generate a physiologically
relevant shear force ~1.15 dyn/cm2 [6,9] increased TRPV5 current
without altering its current–voltage (I–V) relationship. Fluid ﬂow did
not induce currents in mock transfected cells. Notably, ﬂow-induced
activation of TRPV5 was reversible and did not desensitize over 2 min
(Fig. 1C and D; see also Fig. 1G). TRPV5 is a highly Ca2+ selective chan-
nel. The physiological function of TRPV5 is to mediate Ca2+ inﬂux and
thus transcellular Ca2+ reabsorption in the kidney. We next examined
whether ﬂuid ﬂow increases Ca2+ inﬂux via TRPV5. TRPV5-mediated
Ca2+ inﬂux was evident by the ﬁnding that application of 2 mM
[Ca2+] in the bath solution increased intracellular [Ca2+] ([Ca2+]i)
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Fig. 1. Fluid ﬂow activates TRPV5 current and Ca2+ inﬂux. A, effect of ﬂuid ﬂow on TRPV5 current that was recorded in HEK293 cells transiently transfected with GFP-tagged TRPV5. The
expression of TRPV5 protein was conﬁrmed by immunoblot analysis by using antibody against GFP (inset). TRPV5 current was evoked by ramp pulses (applied every 2 s) from−100
to +100 mV as indicated. Ramp I–V curves of current showed typical inwardly rectifying TRPV5 current. Fluid ﬂow pressure (~1.15 dyn/cm2) was applied on the single cell through a
micropipette. B, application of ﬂuid ﬂow increased current (inward current at−100 mV) in cell expressing GFP-TRPV5 (TRPV5) but not in empty vector transfected cell (Mock). Flow-
stimulated current was blocked by La3+, a blocker for TRPV5. C, time course of TRPV5 current in response to ﬂow. Current amplitude (I / I0) shown is normalized (inward current ampli-
tude at−100 mV relative to the amplitude at starting point of recording). Data points aremean ± SEM (n = 6 each). D, individual cell response to ﬂow. Inward current (at−100 mV) at
no ﬂuid ﬂow (static), application of ﬂuid ﬂow and back to static. E, representative traces illustrating time course of [Ca2+]i response to application of 2 mM Ca2+ in the bath. Cells were
incubated with a Ca2+-free physiological salt solution (PSS, see Materials and methods for composition) before application of 2 mM Ca2+ in bath. F, summary of 2 mM Ca2+-induced
change in [Ca2+]i, Δ[Ca2+]i. G, representative traces showing ﬂow-induced [Ca2+]i responses which were measured with normal PSS in TRPV5- or mock-transfected cell. H, summary
of results in panel G. Δ[Ca2+]i denotes change of [Ca2+]i. Data points (F and H) are the mean ± SEM (n = 20). Double asterisk denotes p b 0.01 versus Mock.
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not in mock transfected cells (Fig. 1E and F). Fluid ﬂow increased
[Ca2+]i in cells expressing TRPV5 but not in mock cell (Fig. 1G and H),
supporting thenotion thatﬂowstimulates TRPV5-mediated Ca2+ inﬂux.
We next examined the dynamic range of shear force for activation of
TRPV5. Incremental increases in ﬂuid ﬂow rate that generates shear0 1 2 3 4 5 6
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increase of TRPV5 current (Fig. 2A and B). These results indicate that
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TRPV5
The asparagines-358 of TRPV5 is in the extracellular domain and
the only site for N-linked glycosylation [17,24]. N-glycans of channels
may interact with the extracellular matrix and proteins and thereby
participate in mechanosensation [5,25,26]. To explore the possibility
that N-glycan of TRPV5 may be involved in the ﬂow stimulation of
channel activity, we studied the effect of ﬂuid ﬂow on wild-type
and N-glycosylation defective mutant that carries Asn-358 to gluta-
mine (N358Q) mutation. TRPV5-mediated currents and [Ca2+]i levels
increased in cells expressing wild-type channels in response to ﬂuid
ﬂow (Fig. 3). In contrast, ﬂuid ﬂow-stimulated increases of currents
and Ca2+ inﬂuxwere blunted in cells expressing N358Q-TRPV5mutant
channel. The basal TRPV5 currents (Na+ as the charge carrier, in the
absence of ﬂuid ﬂow) were not different between cells expressing
wild-type and N358Q mutant (9.05 ± 0.92 nA vs 9.17 ± 0.94 nA, WT
vs N358Q). Previously, we have also shown that current density and
cell surface expression of the N358Q mutant were not different from
those of wild-type TRPV5 [17]. Thus, the extracellular N-glycan of
TRPV5 is important for ﬂow stimulation of the channel.
3.3. Flow-dependent activation of TRPV5 induces Slo1-mediated
hyperpolarization
Maxi-K channels are normally relatively quiescent at the resting
membrane potential and the resting intracellular Ca2+ levels, but acti-
vated by an increase of [Ca2+]i and/or membrane depolarization.
Maxi-K channels are responsible for ﬂow-stimulated K+ secretion
in the distal nephron. We next examined functional coupling be-
tween TRPV5-mediated Ca2+ entry and activation of maxi-K. HEK
cells were transfected with TRPV5 and/or the pore-forming α-subunit0 1 2 3 4
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Fig. 3.Role of N-glycosylation of TRPV5 inﬂow-mediated activation of the channel. A, time cour
results in panel A (mean ± SEM, n = 6). Double asterisk denotes p b 0.01 versusWT. C, repres
or N358Q TRPV5 or mock-transfected cells. [Ca2+]i was measured using fura-2 ﬂuorimetry in
denotes p b 0.01 versus WT or Mock. To exclude that GFP tag affects ﬂow-induced response
between cells expressing GFP-tagged and non-tagged TRPV5 (314 ± 33 nM vs 323 ± 35 nM)of Slo1-encoded maxi-K, and membrane potentials were recorded in
perforated whole-cell mode under current clamp (Fig. 4A). HEK293
is a non-excitable cell line. The resting membrane potential of these
cells recorded in the basal state with normal physiological salt solu-
tion was around −15 to −20 mV (Fig. 4B). Fluid ﬂow caused mem-
brane depolarization in TRPV5-transfected cells, presumably from
increased Ca2+ inﬂux through the channel (Fig. 4A–C). In contrast,
cells coexpressing TRPV5 and Slo1 α subunit developed membrane
hyperpolarization in response to ﬂuid ﬂow, supporting that ﬂow-
stimulated Ca2+ inﬂux stimulates K+ efﬂux through Slo1-encoded
maxi-K channels causing membrane hyperpolarization. In support
of this notion, ﬂuid ﬂow had no effect on membrane potentials in
cells transfected by Slo1 α subunit alone (Fig. 4A–C) or in mock-
transfected cells (not shown). Furthermore, preincubation of cells
coexpressing TRPV5 and Slo1 α subunit with a maxi-K-speciﬁc blocker
iberiotoxin (IBTX) prevented ﬂow-induced membrane hyperpolariza-
tion (via maxi-K), leaving only membrane depolarization through
TRPV5 (Fig. 4D–F). Also, preventing Ca2+ inﬂux through TRPV5 by
application of a blocker La3+ markedly inhibited membrane hyperpo-
larization (Fig. 4D–F).
3.4. Flow activates TRPV6 current and Ca2+ inﬂux causing Slo1-mediated
hyperpolarization
TRPV6 is another highly Ca2+ selective channel closely related to
TRPV5. TRPV6 partially colocalizes with TRPV5 in the apical membrane
of distal nephron and may form heteromultimers with TRPV5 [27]. We
examined whether TRPV6 is also sensitive to ﬂow and Ca2+ inﬂux
through TRPV6 can activate Slo1 maxi-K channel. As was for TRPV5, in-
creases in ﬂuid ﬂow stimulated Na+ currents (Fig. 5A and B) and Ca2+
inﬂux (Fig. 5C–E) in HEK293 cells expressing TRPV6 but not in mock
transfected cells. Flow-induced increases of TRPV6 current and Ca2+B
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Fig. 4. Flow-mediated activation of TRPV5 induces Slo1-mediated membrane hyperpolarization. Membrane potential was measured using current-clamp recording under gramicidin-
perforatedwhole-cell conﬁguration of patch-clamp technique in normal PSS. A, representative traces showing effects ofﬂowonmembrane potential changes in cells expressing individual
TRPV5 or Slo1 or both. B, resting membrane potentials during static and during ﬂow as in panel A (mean ± SEM, n = 6). Double asterisk denotes p b 0.01, static versus ﬂow. NS, statis-
tically not signiﬁcant. C, summary of membrane potential changes in panel A (mean ± SEM, n = 6). Positive and negative ﬂow-induced membrane potential changes (ΔMembrane
Potential [mV]) reﬂect membrane depolarization and hyperpolarization, respectively. Double asterisk denotes p b 0.01 versus 0 mV membrane potential changes. NS, statistically not
signiﬁcant. D, representative traces showing effect of Slo1 and TRPV5 blocker, iberiotoxin (IBTX, 200 nM) and La3+ (100 μM), respectively, on ﬂow-inducedmembrane potential changes
in cells expressing both TRPV5 and Slo1. E, resting membrane potentials during static and during ﬂow as in panel D (mean ± SEM, n = 7–12). Double asterisk denotes p b 0.01, static
versus ﬂow. NS, statistically not signiﬁcant. F, summary of membrane potential changes in panel D (mean ± SEM, n = 7–12). Positive and negative ﬂow-induced membrane potential
changes (ΔMembrane Potential [mV]) reﬂect membrane depolarization or hyperpolarization, respectively. Double asterisk denotes p b 0.01 versus no (0 mV) membrane potential
changes. NS, statistically not signiﬁcant.
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IBTX and La3+ support the notion that TRPV6-mediated Ca2+ inﬂux
also activated K+ efﬂux through Slo1-encoded maxi-K channel
(Fig. 5F–H). Thus, ﬂow-stimulated increases in [Ca2+]i mediated by
both TRPV6 and TRPV5 can activate maxi-K.
3.5. ROMK channel is insensitive to shear stress
ROMK K+ channel is constitutively open at the resting membrane
potential and intracellular Ca2+ level and believed to mediate the
basal, non-ﬂow stimulated K+ secretion in the distal nephron. We
examined the effect of ﬂow on ROMK1 channel activity. Ruptured
whole-cell recording revealed that HEK293 cells transfected with
ROMK1 exhibited characteristic inwardly rectifying K+ currents
(Fig. 6A). Fluid ﬂow had no effect on current amplitude of ROMK1 and
its I–V relationship (Fig. 6A–C). Mock transfected cells did not display
inwardly rectifying K+ current and had no response to ﬂuid ﬂow
(Fig. 6B and C). The restingmembrane potential of HEK cells expressing
ROMK (recorded in perforated whole-cell mode under current clamp)
was more negative than those of mock-transfected cells in the basal
state (−68.5 ± 1.9 mV vs −20.8 ± 1.6 mV, p b 0.01; n = 12 each),
indicating that ROMK channel is constitutively open thus clamping
the resting membrane potential toward equilibrium potential for K+.
Indeed, blocking ROMK by Ba2+ in ROMK-transfected cell restored
membrane potentials to the level of untransfected cells (Fig. 6D).
Fluid ﬂow in cells coexpressing TRPV5 and ROMK caused membranedepolarization (Fig. 6E and F) as observed in cells expressing TRPV5
alone (Fig. 4A), rather than hyperpolarization as observed in cells
coexpressing TRPV5 and Slo1. Thus, ROMK is not activated by increases
in [Ca2+]i nor stimulated by ﬂuid ﬂow.
4. Discussion
It iswell established that Ca2+-activated K+ channels play an impor-
tant role in ﬂow-stimulated K+ secretion in distal nephron. Both Ca2+
entry through apical Ca2+-permeable channels and intracellular Ca2+
release have been shown to be important for stimulating Ca2+-
activated K+ channel for ﬂow-stimulated renal K+ secretion [28].
With respect to apical Ca2+ entry, several TRP channels have been pro-
posed for this role. These include TRPV4, TRPV4–TRPP2 complex, and
heteromeric TRPP1–TRPP2 channels [6–9,15]. TRPV5 is expressed
in DCT2 and CNT whereas TRPV6 is located from DCT2 to CCD and
both channels are believed to be responsible for transcellular Ca2+
reabsorption in the distal nephron. In the present study, we show that
TRPV5 and TRPV6 channels are activated by shear force generated
by ﬂuid ﬂow. The activity of the channels varies dynamically with
changes of ﬂuid ﬂow rate within the range observed in physiological
settings (shear force between 0.34 and 1.15 dyn/cm2, see below). We
further show that ﬂow-stimulated Ca2+ inﬂux through TRPV5 and
TRPV6 is sufﬁcient to activate Slo1-encoded Ca2+-activated maxi-K,
which arepresent inDCT2 andCNTwhereﬂow-stimulatedK+ secretion
is known to take place [29]. Thus, our results suggest that TRPV5 and
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Fig. 5. Flow activates TRPV6 causing Slo1-mediated membrane hyperpolarization. A, effect of ﬂuid ﬂow on TRPV6 current that was recorded in HEK293 cells transiently transfected with
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stimulated K+ secretion in DCT2 and CNT.
Several studies have reported on physiologically relevant shear
force generated by ﬂuid ﬂow and shear force required for the activa-
tion of mechanosensitive channels in renal tubules. It is estimated
that shear force generated by ﬂuid ﬂow in CCD ranges from 0.5 to
N20 dyn/cm2 with typical values between 1 and 10 dyn/cm2 [6,9,30].
TRPV4 channels can be activated by 1–3 dyn/cm2 of laminar shear
stress [6]. Heteromeric TRPV4–TRPP2 channels can be activated by
0.5 dyn/cm2 [7]. Our results that TRPV5 is activated by shear force be-
tween 0.34 and 1.15 dyn/cm2 support the notion that ﬂow activation
of TRPV5 is physiologically relevant. The role of TRPV4 in ﬂow-
induced [Ca2+]i increase was examined in CCD [6,8]. Whether TRPV4
is expressed in DCT2 and CNT and its role in ﬂow-stimulated K+ secre-
tion in these segments with or without heteromerization with TRPV5
or TRPV6 are unknown.
Activation of TRPV5 or TRPV6 by ﬂuid ﬂow can also contribute to K+
secretion independently of intracellular Ca2+-mediated stimulation of
maxi-K channels. K+ efﬂux across the apical membrane causes mem-
brane hyperpolarization, limiting maximal K+ secretion. Increases in
distal Na+ delivery and activation of the epithelial Na+ channel ENaC
by enhanced ﬂow [31] cause apical depolarization and provide the
driving force for K+ secretion. Membrane depolarization resulting from
ﬂow stimulation of TRPV5 and TRPV6 as we observed in this study
may provide further augmentation of driving force for K+ secretion.Our ﬁndings may also have implications to the mechanism of
thiazide-induced hypocalciuria. Volume contraction with increased
proximal Ca2+ reabsorption plays an important role in hypocalciuria
during chronic thiazide treatment [32]. However, increased proximal
Ca2+ reabsorption from volume contraction is unlikely the onlymecha-
nism for hypocalciuria because it can develop acutely after a single dose
of hydrochlorothiazide [33]. It is conceivable that increases in ﬂuid ﬂow
in DCT2 and CNT that resulted from inhibition of Na–Cl cotransporter by
thiazidemay stimulate Ca2+ reabsorption through TRPV5 and 6 causing
hypocalciuria.
In this study, we have also begun to explore the molecular mecha-
nism of ﬂow-induced activation of TRPV5. Recent studies reported
that N-glycosylation defective TRPV4 exhibited decreased ﬂow- and/
or hypotonicity-induced Ca2+ inﬂux [34,35]. We have previously re-
ported that the disaccharide N-acetlyllactosamine in the N-glycan
chain of TRPV5 is a ligand for galectin-1 residing on the extracellular
surface of cell membrane [17]. Interaction of TRPV5 with galectin-1
via the N-glycan plays an important role in the retention of channels
on the cell surface. Here, we show that N-glycan-deﬁcient TRPV5 mu-
tant is much less sensitive to stimulation by ﬂuid ﬂow. Future studies
will investigate the hypothesis that the interaction between N-glycan
of TRPV5 and galectin-1 is important for mechanosensitivity of the
channel, perhaps by providing anchoring and speciﬁc structural ori-
entation to the channel that may be amiable to perturbation by
ﬂuid ﬂow.
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